We report an unusual phenotype of B cells in a patient with X-linked agammaglobulinemia (XLA), and cellular evidence for Lyonization of B cells from his mother and sister. The patient has a failure of B cell maturation at the stage of early B lymphocytes, associated with production of D(!A5) H chain. The phenotype of his B cells includes: (a) limitation to expression of the ,u and 6 H chain isotypes, (b) production of 11 and 6 H chains of reduced size and (c) delayed expression of L chain. Peripheral blood and B cell lines from the patient's mother and sister include 50% cells that express H chain without L chain. B cell lines from the mother and sister produce full-length ,i and gamma H chains and truncated , and 6 chains corresponding to the H chains produced by the patient's B cells. Clones with normal and XLA phenotype have been isolated from B cell lines derived from the patient's mother. We conclude that the dimorphism of mother's and sister's B cells results from Lyonization, implying that the gene defect in XLA is intrinsic to B lymphocytes.
Introduction
X-linked agammaglobulinemia (XLA)l is a sex-linked, congenital antibody deficiency disease associated with failure of B lymphocyte differentiation, either at the level of pre-B cells (major form) or at the level of early B lymphocytes (minor form) (1) (2) (3) (4) (5) (6) (7) (8) (9) . Whether the heterogeneity ofthe stage at which B cell maturation fails is due to distinct X-linked defects or results from variable expression of the same defect has not been determined. The disease is not linked to the Xg blood group (10, 1 1), and other polymorphic protein markers have been uninformative in these families. Recently, XLA in families with the major form of the disease has been linked to Xq2 by restriction fragment length polymorphisms (12) . Evidence for Lyonization (13) in carriers ofthe major form ofXLA has now been reported in one family that carries a polymorphism for G-6-PD (14) and in two families with a restriction fragment length polymorphism based upon methylation of the genomic 1 . Abbreviations used in this paper: Ckappa, constant human genomic kappa L chain; TMRITC, tetramethyl rhodamine isothiocyanate; XLA, X-linked agammaglobulinemia. sequences for hypoxanthine phosphoribosyl transferase (HPRT) and phosphoglycerol kinase (PGK) (15) . In both cases, the evidence for Lyonization was the random expression ofboth chromosomes in T cells and monocytes, but absence of expression of the affected X chromosome in B cells.
We have recently found that the B lymphocytes of a boy with the minor form of XLA produce truncated 1i and 6 H chains composed of D-JH-C(,Ub) (Dub) resulting from abortive rearrangement of variable region genes (Schwaber, J., and R. Chen, submitted for publication). Associated with, and in part resulting from, this defect in gene rearrangement, his B lymphocytes have a unique phenotype that includes (a) restriction to expression of the 6 and g H chain isotypes, (b) limited expression of L chains, exclusively of the kappa isotype, and (c) reduction in size of the 6 and u H chains. In contrast to carriers of the major form of XLA, whose pre-B cells do not enter peripheral circulation, Lyon's hypothesis (13) predicts that carriers of this form of XLA gene should have a dimorphic population of B lymphocytes, composed of clones of normal phenotype, and clones of the phenotype of their affected relatives.
We report the delayed expression of L chains by this boy's B lymphocytes, and provide evidence for Lyonization of his mother's and sister's B lymphocytes. Limited numbers of the patient's peripheral blood a clone that expresses gamma chain coexpresses L chain from the time of isolation. In addition, we find that the patient's sister has the same dimorphic B lymphocyte phenotype as her mother, suggesting that she is a carrier of XLA.
Methods
The patient has been identified in previous publications as 4-8 (6, 7, 16 (22) . Because ofspecific reactivity ofStaph A with human IgM, IgD, and IgG, the isotypes of protein bands were identified by indirect precipitation with goat antiserum (22) .
Immune precipitates were redissolved in 2% SDS and 1% 2-mercaptoethanol, boiled for 2 min, and electrophoresed in 12.5% SDSacrylamide discontinuous slab gels. The gels and buffers were prepared exactly as described by Dreyfuss et al. (23) . They were fixed, processed for fluorography, and exposed to x-ray film. Unlabeled, reduced and alkylated, normal human IgG and IgM, and BSA were used as molecular weight standards, in addition to labeled u and L chains from the normal B cell line SMI4.
Genomic DNA was extracted from pelleted cells as previously described (24) (Fig. 2) . Curiously, the rearranged kappa gene restriction fragment was four genomic DNAs. This likely indicates that the same rearrangement was present in all three clones, and in all ofthe cells of the uncloned culture. Diversity in the genomic DNA of one clone was noted, with the appearance of a second restriction fragment. We were unable to determine whether this additional band resulted from continuing L chain gene rearrangement in culture, after isolation of this clone. The size of this restriction fragment is less than the distance separating Jkappa from Ckappa, suggesting that it results from an abortive rearrangement that deletes Jkappa.
In short summary, this boy's B lymphocytes have an unusual phenotype, composed of limitation to a and g isotypes, We examined peripheral blood lymphocytes of the patient's mother for the XLA phenotype of expression of Ig H chain without associated L chain. By immune fluorescence, 7.1% of peripheral blood B lymphocytes expressed Ig H chain normally distributed among the g, 6 , and y H chain isotypes (Table I) . Ofthe H chain bearing cells, 44% (3.1% oftotal) were without associated L chain. All of the cells that expressed y H chain also expressed L chain. The peripheral blood of the patient's sister had 7.1% B lymphocytes, normally distributed among the ,u, 6, and 7H chain isotypes. 45% did not have light chain (3.9% of total) ( Table I ), indicating that she had a dimorphic population of B lymphocytes. As seen with her mother's cells, all of the y-bearing cells expressed L chain. We determined the sizes of the Ig proteins produced by B cell lines and clones from the mother and sister. In SDS-acrylamide gels, three Ig H chain bands were precipitated by Staph A from "S-labeled cultures and culture supernatants from both the mother's and the sister's B cell lines (Fig. 3) Figure 4 . Identification of truncated a chains from B cell line clones from the patient's mother. Clones SID and S1A isolated from the LAZ 185 cell line were found to express predominantly 6 H chain with limited expression of L chain. After 6 mo in culture, the cells were found to express kappa L chain (Table III) . Ig proteins from these cultures were examined by SDS acrylamide gel electrophoresis as described in Fig. 3 . 6' (truncated) and L chain were the only Ig proteins identified, in comparison to the fulllength ,u chain from the SM14 normal B cell line.
expression of L chain, exclusively of the kappa isotype, and limitation of H chain to predominantly the 6 isotype with some , chain. Immunoglobulin proteins from cultures ofthese clones that had been in culture for more than yr were examined by SDS-acrylamide gel electrophoresis of immunoprecipitated proteins (Fig. 4) . Both clones produced truncated 6 H chains that comigrated with the truncated 6 chain of LAZ 166 clone C6. For comparison, we examined the immunoglobulin proteins of clone Cl isolated from the 1 85gamma+ subline of LAZ 185. This subline, as well as the clone, expressed L chain from the time of isolation. A full length gamma chain was identified (data not shown).
Discussion
We have demonstrated the delayed expression of L chain, exclusively of the kappa isotype, by the B lymphocytes and B cell lines derived from a boy with the minor form of XLA. The delayed expression of L chain is clonal; suggesting that it results from differentiation rather than selective overgrowth by rare L chain producing cells. Further, the eventual expression of L chain does not result from delayed rearrangement of kappa L chain variable region genes. This delayed expression of L chain, associated with production of truncated H chains only of the 6 and A isotypes, resulting from incomplete variable region gene rearrangement (Schwaber, J., and R. Chen, submitted for publication), provides an unusual phenotype of XLA B cells from this patient. Based upon this unusual phenotype, we have tested for and found cellular evidence for Lyonization (13) (28, 29) have proposed that the sequence of Ig gene rearrangement is regulated by the protein products of the previous step in rearrangement. L chain gene rearrangement in these cells may occur independent of the usual induction processes, and increased DQ production may be necessary for induction of expression.
Based upon the phenotype ofthis patient's XLA B cells, we have tested for and found evidence for Lyonization of the B cells of his mother and sister. Lyon's hypothesis (13) predicts that in a female XLA heterozygote, 50% of the clonal precursors of B lymphocytes should be of each phenotype. With only a few exceptions, enzymes encoded on mammalian X chromosomes follow this prediction (30) (31) (32) . Failure of differentiated cells to follow this prediction has been observed in Wiskott-Aldrich syndrome (33, 34) and Lesch-Nyhan syndrome (35, 36) , and is thought to result from selective growth disadvantage of cells expressing the affected X chromosome. In the major form of XLA, recent evidence has shown that there is a failure ofcells in which the affected X chromosome is active to elaborate B cells (14, 15) . This is consistent with the failure to differentiate beyond pre-B cells in those patients (8, 9) . In this XLA patient, however, immature B cells are present in peripheral circulation in normal numbers (6, 7) . The presence of XLA phenotypic B cells in peripheral blood of his mother is consistent with the behavior of her son's B cells. This patient's family has been found to be homozygous for all X chromosome linked markers tested, including Xg, G6PD, HPRT, and the two restriction fragment polymorphisms used to assign linkage of the major form of XLA to Xq2 (12). We have not tested for heterozygosity of the HPRT and PGK genes based upon methylation pattern (15) . We would suggest that the clonal dimorphism found in the pa- The cellular evidence for Lyonization in carriers of this form of XLA suggests that the disease is intrinsic to the B lymphocytes. A growth disadvantage of XLA B lymphocytes, due either to failure of the cells to diversify or from absence of antigen directed amplification, could have resulted in reduced numbers of XLA phenotypic B cells. We have not found a significant growth disadvantage of the XLA B cells in peripheral blood of the XLA carriers. This observation is in accord with recent findings that the pool of peripheral blood lymphocytes has a very short half-life (38) . Because of the absence of complete antigen receptors, it further suggests that the shortlived B lymphocytes do not result from antigen driven amplification. Deviations of the heterogeneity observed in peripheral blood from a near 50% normal and XLA phenotype would be expected in populations of cells that had responded to antigenic stimulation, such as spleen and lymph node (39) .
The population of peripheral blood B lymphocytes and B cell lines from the XLA patient's mother and sister results from mixture of clonally derived cells at several stages of B lymphocyte differentiation, some of normal, some of XLA phenotype. All ofthe IgG bearing B cells are of normal phenotype, including expression of L chains of either kappa or lambda isotype. a and g-bearing cells in mother and sister are heterogeneous, including XLA phenotype cells without L chains, which contribute truncated ,u and a chains, and normal phenotype cells with L chains contributing full-sized A chains. Since we have never observed a chain production by internal labeling of normal B cell lines, it is not surprising that comparable quantities of normal sized 6 heavy chain are not detected.
A selective advantage for growth of cells with normal phenotype was observed in mass culture of B cell lines from the XLA carriers. Under cloning conditions, cells with the XLA phenotype were apparently overrepresented, both in the two clones described and in 10 additional clones examined only by immune fluorescence. The cells with normal phenotype were able to grow under cloning conditions, as indicated by our isolation of normal clones from the subline in which normal phenotype cells had replaced XLA phenotype cells. The basis for these differential growths is not known.
Demonstration of Lyonization in the B lymphocytes ofthe mother and half-sister of a patient with X-linked agammaglobulinemia implies that this disease results from a defective X chromosome locus whose effects are intrinsic to the B lymphocytes, rather than from a failure of an extrinsic factor (2) . There is a failure of B cell development in XLA, which is associated in this form of XLA with incomplete H chain gene V-D-J rearrangement. This failure of gene rearrangement may be the primary defect in this disease, or may be secondary to a Lyonization ofB Cells in X-linkedAgammaglobulinemia 521 failure of B lymphocyte receptors to properly signal for the next step in Ig H chain gene rearrangement.
